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’ INTRODUCTION
In recent years, production of synthetic materials with tunable
wetting properties has been reported.1 It has been fully under-
stood that the wetting properties of a material is dictated by its
surface chemistry2,3 and topographic structure.47 The ability to
tune the wetting properties of a material is considered critical
because of its relevance to numerous applications, including self-
cleaning non-stick surfaces for preventing biofouling,8 hydro-
dynamic skin-friction drag reduction,9 and high power density
supercapacitors for storing charge energy.10
Among these materials, vertically aligned multi-walled carbon
nanotube (MWNT) arrays have gained enormous attentions,
because of their simplicity fabrication process and inherent two-
length scale topographic structure. Many reported studies sug-
gest that the MWNT arrays can be easily made hydrophilic by
functionalizing their surfaces with oxygenated functional groups.
Such functional groups allow for a hydrogen bond between the
surface of nanotubes and water molecules to form. However,
complicated processes are always involved in producing super-
hydrophobic MWNT arrays. To make these arrays superhydro-
phobic, they have to be coated with non-wetting chemicals, such
as polytetrafluoroethylene (PTFE), ZnO, and fluoroalkylsilane,1113
or be pacified by plasma treatments, such as CF4, CH4, and
NF3.14,15 Note that a superhydrophobic surface is defined as a
surface that is extremely difficult to get wet and that has a static
contact angle (CA) higher than 150, along with a CA hysteresis
less than 10.4,16,17
The findings presented herein show that the wettability of
MWNT arrays can be tuned straightforwardly via a combination
of ultraviolet (UV)/ozone and vacuum pyrolysis treatments.
UV/ozone treatment is a well-known dry-oxidation process to
functionalize the surface of nanotubes with oxygenated functional
groups at standard room temperature and pressure.18 Basically,
UV radiation attacks the end caps and outer sidewall of the
nanotubes, allowing ozone to oxidize their surface defect sites.19,20
Vacuum pyrolysis treatment was used to reverse the effect of
oxidation by removing these groups from the surface of nano-
tubes while keeping the microscopic structure of the array intact.
Typically, a vacuum pyrolysis treatment performed at a mild
vacuum and a moderate temperature is sufficient to deoxidize the
array. Using these treatments, the amount of oxygenated func-
tional groups can be controlled carefully such that the MWNT
array can be repeatedly switched between hydrophilic and
hydrophobic (Figure 1a).
In this study, seven different sets of MWNT arrays with
various degrees of oxidation were examined. The first two sets
of samples were the as-grown MWNT arrays (AG) and the AG
arrays that had been subjected to vacuum pyrolysis treatment
(SH1). The next three sets of samples were the SH1 arrays that
had been exposed to UV/ozone treatment for 1 min (UO1),
5 min (UO2), and 15 min (UO3). The next two sets of samples
were the UO3 arrays that had been subjected to vacuum pyrolysis
treatment for the second time (SH2) and the SH2 arrays that had
been subjected to another 15 min of UV/ozone treatment (UO4).
All vacuum pyrolysis treatments were conducted at a mild vacuum
of 2.5 Torr and a moderate temperature of 250 C for at least 3 h.
’RESULTS AND DISCUSSION
Here, the degree of wettability of each set of samples was
assessed by measuring the average static CA for water (Figure 1b).
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ABSTRACT: Among diverse types of synthetic materials,
arrays of vertically aligned carbon nanotubes have attracted
the most attention, mainly because of their exceptional mechan-
ical, electrical, optical, and thermal properties. However, their
wetting properties are yet to be understood. In this present
study, oxygenated surface functional groups have been identi-
fied as a vital factor in controlling the wetting properties of
carbon nanotube arrays. The results presented herein indeed
show that a combination of ultraviolet/ozone and vacuum
pyrolysis treatments can be used to vary the surface concentra-
tion of these functional groups such that the carbon nanotube array can be repeatedly switched between hydrophilic and
hydrophobic.
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As expected, the AG arrays were found to be mildly hydrophobic,
with CA ≈ 143. An extremely high CA exhibited by the SH1
arrays, with CA ≈ 171, showed the effectiveness of vacuum
pyrolysis treatment in rendering the MWNT arrays superhydro-
phobic. The effect of oxidation started to appear once the
MWNT arrays were exposed to UV/ozone treatment. The
UO1 arrays were found to be mildly hydrophobic, with
CA ≈ 132. At a prolonged duration of UV/ozone treatment,
the MWNT arrays became increasingly hydrophilic such that
their average static CA plummeted to CA ≈ 75 and CA ≈ 27
for UO2 and UO3 arrays, respectively. The effectiveness in
rendering the MWNT arrays superhydrophobic was shown once
again by the extremely high static CA of the SH2 arrays, with
CA≈ 171. The effect of oxidation reappeared after the MWNT
arrays were subjected to another round of UV/ozone treat-
ment. Indeed, the average static CA for UO4 arrays was found
to be CA ≈ 45.
MWNT arrays used in this study were grown by the standard
chemical vapor deposition (CVD) technique on silicon sub-
strates. The average length of all of the arrays was chosen to be
about 14 ( 4 μm (Figure 1c), which was about the minimum
length that can be made using the CVD technique while
preserving the overall vertical alignment and high packing density
of the arrays (Figure 1d). One of the reasons this length was
chosen is for the difficulties in producing a superhydrophobic
surface out of short MWNT arrays as reported in the previous
studies.12,21,22 Another reason is for the simplicity of the experi-
ment because a longer exposure time of UV/ozone treatment is
needed to oxidize a taller MWNT array. For instance, a milli-
meter long MWNT array needs almost 4 h of UV/ozone
treatment to reach the same static CA as the UO3 samples.
Fourier transform infrared (FTIR) spectrometry analysis was
performed to evaluate the effect of UV/ozone and vacuum pyrol-
ysis treatments on the surface chemistry of the MWNT arrays
(Figure 2a). Three absorbance peaks at 8101320, 13401600,
and 16501740 cm1 can be observed in almost all samples. The
origin of the peak at 718 cm1 is unknown; hence, it is
unassigned at this time. The peaks at 970, 1028, 1154, and
1201 cm1 correspond to CO stretching modes,23 and the
broad shoulder band at 8101320 cm1 suggests the existence
of COC bonds from the ester functional group.19,20,24,25
The peaks at 1378, 1462, 1541, and 1574 cm1 indicate the
presence of CdC stretching vibration modes of the MWNT
walls.19,20,23,24 The narrow band at a peak of 1703 cm1 corre-
sponds to CdO stretching modes of either quinone or carboxyl
groups.19,20,23,25 Interestingly, all peaks that correspond to CO
andCdO stretchingmodes are found to be very weak in the SH1
and SH2 samples, suggesting that the oxygen desorption process
occurs during the vacuum pyrolysis treatment.
Although the whole oxygen adsorption and desorption cycles
via UV/ozone and vacuum pyrolysis treatments seem to be
completely reversible, it is worth noting that a very small amount
of carbon atoms is actually etched from the MWNT in the form
of CO andCO2molecules during the desorption process. Hence,
the atomic-scale structure of the MWNT array is slightly altered
each time UV/ozone and vacuum pyrolysis treatments are
performed. Nevertheless, the MWNT array can still be repeat-
edly switched between hydrophilic and hydrophobic for many
times as long as the overall microscopic structure of the array is
still intact. Raman spectroscopy and transmission electron
microscopy (TEM) analyses of the UV/ozone- and vacuum-
pyrolysis-treated MWNT arrays show that the graphitic structures
Figure 1. (a) UV/ozone and vacuum pyrolysis treatments are used to vary the wetting properties of MWNT arrays. Oxygen adsorption occurs during
UV/ozone treatment, and oxygen desorption take places during vacuum pyrolysis treatment. (b) Static CA of the MWNT arrays with different wetting
properties. (c) Low-magnification and (d) high-magnification scanning electronmicroscopy (SEM) images ofMWNT arrays used in this study showing
the overall vertical alignment and high packing density of the nanotubes.
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of the arrays are still practically intact after several cycles (SI 1 in
the Supporting Information). An intensive study to determine
the maximum number of oxygen adsorption and desorption
cycles that aMWNT array can handle via UV/ozone and vacuum
pyrolysis treatments is yet to be performed.
To directly correlate the effect of the surface concentration of
oxygenated functional groups to the wetting properties of the
MWNT arrays, the integrated absorbance of CO and CdO
stretching modes is plotted against the static CA of the arrays.
Interestingly, this plot shows a very strong correlation between
the integrated absorbance and the static CA of the arrays, where
the integrated absorbance decreases monotonically with the
increase of the static CA (Figure 2b). As mentioned before, the
integrated absorbance of CO and CdO stretching modes
decreases from 8.34 and 0.34 A cm1, respectively, for the highly
hydrophilic UO3 arrays with CA≈ 27 to as low as 1.17 and 0.01
A cm1, respectively, for the superhydrophobic SH2 arrays with
CA ≈ 171. Obviously, MWNT arrays with a higher surface
concentration of oxygenated functional groups are more hydro-
philic, and ones with a very low concentration exhibit super-
hydrophobic behavior.
A quick and simple oxidation-time-independent relation can
be observed by plotting the oxygen/carbon atomic ratio (O/C ratio)
of the MWNT arrays to their static CA. In this study, the
Figure 2. (a) Typical FTIR spectra of MWNT arrays with various degrees of oxidation, showing absorbance peaks at 8101320, 13401600, and
16501740 cm1. (b) Integrated absorbance for CO (8101320 cm1) and CdO (16501740 cm1) obtained from panel a as a function of the
static CA of the MWNT arrays. (c) Oxygen/carbon atomic ratio (O/C ratio) of MWNT arrays obtained from EDS as a function of static CA of the
MWNT arrays. The shaded region in panels b and c represents the superhydrophobic regime. AG, SH1, UO1, UO2, UO3, SH2, and UO4 arrays are
represented in panels b and cby4,/,O,],3,0, andb, respectively.High-resolutionXPS spectra of theCC1speak of (d) UO2, (e) UO3, and (f) SH2 arrays.
Deconvolution of these spectra shows the presence of hydroxyl (COH), carbonyl (CdO), and carboxyl (COOH) groups.
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O/C ratio of MWNT arrays was obtained from the energy-
dispersive X-ray spectroscopy (EDS). Because EDS can be
performed relatively easily, the O/C ratio can be used to quickly
assess the degree of oxidation of theMWNT arrays by comparing
the amount of oxygen atoms to the amount of carbon atoms
present at the surface of the array. Therefore, a higher O/C ratio
corresponds to a higher degree of oxidation and vice versa. The
O/C ratio decreases as the static CA of the array increases, where
the O/C ratio of hydrophilic UO3 arrays was measured to be as
high as 15.49% and that of the superhydrophobic SH2 arrays was
measured to be as low as 6.77%. Notice that theO/C ratio of SH2
arrays is not zero, which suggests that a small amount of oxygen
cannot be easily removed by vacuum pyrolysis treatment.
X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted to further verify this finding. Deconvolution of the high-
resolution XPS spectra at the binding energy of 283293 eV
shows four distinct peaks, with one primary peak associated with
the presence of sp2 CC 1s bonds (∼284.9 eV) and three
secondary peaks associated with the presence of hydroxyl
COH(∼285.4 eV), carbonyl CdO (∼287.4 eV), and carboxyl
COOH (∼289.7 eV) functional groups.26,27 The XPS spectra
of the AG arrays indicate that the peaks associated with COH
and CdO groups are considerably large, while the peak asso-
ciated with theCOOH group is found to be very weak. Because
theMWNT arrays undergo a prolonged UV/ozone treatment, all
peaks associated with COH, CdO, and COOH groups
become more pronounced. Notice that, after short exposure of
the UV/ozone treatment, the surface concentration of CdO
groups increases at a much faster rate than that of COH and
COOH groups (Figure 2d). However, at a longer exposure
time, the surface concentration of CdO groups decreases
slightly, while that of COH and COOH groups continues
to increase (Figure 2e). There is a possibility that some CdO
groups were further oxidized into COOH groups during the
UV/ozone treatment.
As expected, the amount of COH, CdO, and COOH
groups decreases significantly after the vacuum pyrolysis treat-
ment (Figure 2f). Although the existence of these peaks suggests
that the vacuum pyrolysis treatment does not completely deox-
idize the array, the surface concentration of these groups is found
to be extremely low. This finding does agree with the FTIR result,
which shows that the MWNT arrays can be rendered superhydro-
phobic, with CA ≈ 171, even though there are still some traces of
COH groups on the arrays. One may expect that the pristine
MWNT arrays that are free from these oxygenated functional groups
will exhibit a perfect superhydrophobic behavior with CA = 180.
To demonstrate that the UV/ozone- and vacuum-pyrolysis-
treated MWNT arrays were indeed hydrophilic and hydrophobic,
Figure 3. (a) Time-lapse images of the water droplet impacting the surface ofMWNT arrays with different wetting properties. Scale bars indicate 5 mm.
(b) Dispersion of MWNT with various wetting properties in DI water. The nanotubes from AG and UO2 arrays precipitated in several hours and days,
respectively, after the dispersion were performed. The dispersion of nanotubes from UO3 arrays was found stable even after more than 2 months
afterward. The wettability of the MWNT increases from left to right. (c) Bode impedance plot of MWNT arrays with various wetting properties in 1 M
NaCl aqueous electrolyte. Only four spectra are shown for clarity. AG, UO2, UO3, and SH2 arrays are indicated by 4, ], 3, and 0, respectively. An
arrow indicates the increase of static CA of the arrays.
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respectively, the dynamic effect of a free-falling water droplet on
the surface of theseMWNT arrays was observed (Figure 3a). As a
free-falling water droplet hit the surface of the AG arrays, it
deformed heavily and then bounced off of the surface. However,
because the AG arrays weremildly hydrophobic, there was always
a small portion of the droplet pinned to the surface, preventing
the droplet from bouncing off completely from the surface. This
pinning phenomenon was more pronounced when the water
droplet hit the surface of the more hydrophilic UO2, UO3, and
UO4 arrays. For example, on the UO3 arrays, the droplet was
pinned to the surface and came to rest shortly after the impact. A
totally different behavior was observed for SH1 and SH2 arrays,
where the free-falling water droplet bounced completely off of
the surface. In contrast to the previous study,28 the droplet
pinning did not occur on the superhydrophobic SH1 and SH2
arrays even at a considerably high impact velocity of 2.22 ms1.
The dispersions of the UV/ozone- and vacuum-pyrolysis-
treatedMWNT in deionized (DI) water were observed to further
verify their wetting properties. A small portion of each sample
was scrapped from its growth substrates and ultrasonically
dispersed in DI water (Figure 3b). As expected, the floating
nanotubes on the surface of the water column indicated that the
superhydrophobic nanotubes from SH1 and SH2 arrays could
not be dispersed in DI water. Similarly, the mildly hydrophobic
nanotubes from AG and UO1 arrays could not be dispersed
easily in DI water, although a completely different behavior was
observed. Instead of floating, the nanotubes from AG and UO1
arrays were completely submerged in the water column. The
dispersibility of nanotubes in DI water was unquestionably
increased after the nanotubes had been exposed to UV/ozone
treatment. Some degree of dispersion of hydrophilic nanotubes
from UO2 and UO4 arrays could be observed clearly. In fact, the
nanotubes from UO3 arrays could be dispersed quite easily in DI
water. In agreement with the previous study,27,29 hydrophilic
nanotubes from UO3 arrays do not form sedimentation even
after 2 months of settling time.
The electrochemical characterization was conducted to pro-
vide additional insight on the effect of UV/ozone and vacuum
pyrolysis treatments to the physiochemical properties of MWNT
arrays. It is well-known that the presence of carboxyl groups may
increase the capacitance of the array by a factor of 3, while the
hydrophobic nanotubes exhibit a very low electrochemical
capacitance in aqueous solution.30 In agreement with that study,
the impedance of MWNT arrays was found to be highly
dependent upon their wettability. In other words, the impedance
of the MWNT arrays in aqueous electrolyte can be varied by
manipulating the surface concentration of oxygenated functional
groups via UV/ozone and vacuum pyrolysis treatments.
The Bode impedance plot of the electrochemical impedance
spectroscopy (EIS) data in 1 M NaCl aqueous electrolyte shows
that the superhydrophobic MWNT arrays yield much higher
impedance than the hydrophilic counterpart. The difference in
impedance can be observed clearly at considerably low frequency
of f < 1 kHz, where the effect of double-layer capacitance
becomes increasingly dominant. In fact, the frequency at which
the transition from pure resistive behavior to a capacitive-
resistive behavior starts to occur decreases with the increase of
wettability of the array (Figure 3c). The transition for the SH2
arrays occurs at a higher frequency of f ≈ 1.6 kHz, while the
transition for the UO3 arrays occurs at amuch lower frequency of
f ≈ 42.8 Hz. The absolute impedance of the superhydrophobic
SH2 arrays is measured to be about 3 orders of magnitude higher
than that of the hydrophilic UO3 arrays at a very low frequency of
f = 12.6 mHz, where |z| ≈ 163 kΩ for the SH2 arrays and |z| ≈
650 Ω for the UO3 arrays. The extremely large discrepancy of
absolute impedance at lower frequency suggests that the double-
layer capacitance of superhydrophobic SH2 arrays is very much
smaller than that of hydrophilic UO3 arrays.
These findings are expected because of the presence of a thin
film of air on the interface between the surface of the super-
hydrophobic MWNT array and the aqueous electrolyte, which
inhibits electron transfer from the arrays and blocks protons in
the electrolyte to approach the surface of the array.30 In addition,
this thin air film significantly reduces the effective contact area
between the surface of the nanotubes and the electrolyte mol-
ecules, which results in a much smaller effective area of the
Helmholtz layer and a dramatic decrease of double-layer capa-
citance. Thus, the impedance of the superhydrophobic MWNT
arrays is measured more than 2 orders of magnitude larger than
that of the hydrophilic MWNT arrays. A completely opposite
behavior may be observed if a polar-aprotic-based or nonpolar-
based electrolyte is used. In such a case, higher impedance is
expected to be observed from a hydrophilic MWNT array and
vice versa.
’CONCLUSION
In conclusion, the findings reported herein show that the
wetting properties of MWNT arrays can be tuned easily and
precisely by controlling the surface concentration of oxygenated
functional groups, e.g., hydroxyl, carbonyl, and carboxyl groups,
via UV/ozone and vacuum pyrolysis treatments. MWNT arrays
with a very low amount of oxygenated functional groups exhibit a
superhydrophobic behavior such that they cannot be dispersed in
DI water and their impedance in aqueous electrolytes is extre-
mely high. These arrays have an extreme water repellency
capability such that a water droplet will bounce off of their
surface upon impact. In contrast, MWNT arrays with a very high
surface concentration of oxygenated functional groups exhibit an
extreme hydrophilic behavior such that they can be dispersed
easily in DI water and their impedance in aqueous electrolytes is
tremendously low. Because the microscopic structures and
packing density of the arrays are maintained during the UV/
ozone and vacuum pyrolysis treatments, all MWNT arrays can be
repeatedly switched between hydrophilic and hydrophobic.
These findings show a very high potential in many industrial
applications, including skin friction drag reduction in fluid flow
and charge energy storage.
’METHODS
MWNT Growth. The vertically aligned MWNT arrays used in this
present study were grown using thermal chemical vapor deposition on
silicon wafer substrates. These wafers were coated with a 1 nm iron
catalyst layer using an electron beam evaporator (Temescal BJD 1800)
and diced into 1 1 cm samples. The growth itself was performed in a 1
in. diameter quartz tube furnace (Lindberg/BlueM Single-Zone Tube
Furnace) under the 490 standard cubic centimeters per minute (sccm)
ethylene gas (Matheson 99.999%) and 210 sccm hydrogen gas (Airgas
99.999%) at a temperature of 750 C and a pressure of 600 Torr. The
flow rate and pressure of the gases were maintained by an electronic
mass flow controller (MKS πMFC) and a pressure controller (MKS
πPC). The overall growth quality, including the length of the array, was
characterized under a scanning electron microscope (ZEISS LEO
1550VP).
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UV/Ozone andVacuumPyrolysis Treatments. All UV/ozone
treatments were perforemed by exposing the MWNT arrays to 185 nm
of UV radiation (Bioforce Nanosciences UV/Ozone Procleaner Plus) in
air at room temperature and pressure. Here, all vacuum pyrolysis
treatments were conducted in a vacuum oven (VWR Signature Vacuum
Oven) at a mild vacuum of 2.5 Torr and a moderate temperature of
250 C for at least 3 h.
CA Measurement. All static CA measurements were conducted
with a CA goniometer at room pressure and temperature. A 5 μL water
droplet was dropped on the top surface of each sample using a 5 μL
syringe (Hamilton 7105KH) equipped with a 31 gauge flat-tipped
needle (Hamilton KF731). Once a water droplet had come to rest on
the samples, images of the water droplet were then taken 10 s afterward
to ensure that the equilibrium condition was achieved and to avoid the
excessive evaporation of the droplet. The CAs were then measured by
processing the captured images with LBADSA software.31
FTIR, EDS, and XPS. For the FTIR spectroscopy study, a small
portion of the MWNT array was scraped from its growth substrate,
dispersed in deuterated dichloromethane (Sigma-Aldrich, 99.9 atom%),
drop-cast onto a KBr window, and then dried overnight under low
vacuum (10 Torr), to remove the solvent leftover. The FTIR spectra
were obtained by an infrared spectrometer (Nicolet 6700) using a blank
KBr window as a baseline correction. The O/C ratio of each sample was
measured using EDS (Oxford INCA Energy 300) during the SEM
characterization at an acceleration voltage of 5 kV. The XPS spectra were
obtained by an X-ray photoelectron spectrometer (Surface Science
M-Probe XPS). Curve fitting and deconvolution of the XPS spectra
were performed using a GaussianLorentzian peak curve fit with Shirley
baseline correction.
MWNT Dispersion. For MWNT dispersion study, a small portion
of the MWNT array was scrapped from its growth substrates and
ultrasonically dispersed in DI water for 1 h. The dispersions were then
left untouched for more than 2 months to assess their stability.
EIS. EIS was conducted in three-electrode configuration using a
potentiostat (Biologic SP-200) at a frequency of 10 mHz1 MHz. The
MWNT arrays were set as the working electrode; a platinum wire was
used as the counter electrode; and a saturated calomel electrode was
used as the reference electrode.
’ASSOCIATED CONTENT
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